Background/Aims: Glucose-stimulated insulin secretion (GSIS) of pancreatic β-cells involves glucose uptake and metabolism, closure of K ATP channels and depolarization of the cell membrane potential (V mem ), activation of voltage-activated Ca 2+ currents (ICa v ) and influx of Ca 2+ , which eventually triggers hormone exocytosis. Beside this classical pathway, K ATPindependent mechanisms such as changes in intracellular pH (pH i ) or cell volume, which also affect β-cell viability, can elicit or modify insulin release. In β-cells the regulation of pH i is mainly accomplished by Na + /H + exchangers (NHEs 4 Cl prepulsing experiments no K + -dependent pH i recovery was observed under Na + -free extracellular conditions. Nonetheless within 1 h, 20 µM SCH-28080 inhibited GSIS by ~50%, while basal release was unaffected. The L-type ICa v blocker nifedipine caused a full inhibition of GSIS at 10 and 20 µM. At 20 µM, SCH-28080 inhibited ICa v comparable to 20 µM nifedipine and in addition augmented IK ATP recorded at -60 mV and hyperpolarized V mem by ~15 mV. Cell viability 2 and 24 h post treatment with SCH-28080 was dose-dependently inhibited with IC 50 values of 22.9 µM and 15.3 µM, respectively. At 20 µM the percentages of Annexin-V+, caspase+ and propidium iodide+ cells were significantly increased after 24 and 48 h. Concurrently, the MCV was significantly decreased (apoptotic volume decrease, AVD) and the SSC signal was increased. At concentrations >40-50 µM, SCH-28080 became progressively cytotoxic causing a steep increase in necrotic cells already 2 h post treatment and a breakdown of ΔΨ m within 4 h under 50 and 100 µM while 10 and 20 µM had no effect on ΔΨ m within 24 h. Conclusion: We demonstrate expression of HKα2 in rat INS-1E cells. However, the pump is apparently non-functional under the given conditions. Nonetheless the H + /K + ATPase blocker SCH-28080 inhibits insulin secretion and induces cell death. Importantly, we show that SCH-28080 inhibits ICa v -and activates K ATP channels identifying them as novel "off-targets" of the inhibitor, causing hyperpolarization of V mem and inhibition of insulin secretion.
(MCV), cell granularity (side-scatter; SSC), phosphatidylserine (PS) exposure, cell membrane integrity, caspase activity and the mitochondrial membrane potential (ΔΨ m ) were measured by flow cytometry. Results: We found that the α-subunit of the non-gastric H + /K + ATPase (HKα2) is expressed on mRNA and protein level. However, compared to rat colon tissue, in INS-1E cells mRNA abundance was very low. In NH 4 Cl prepulsing experiments no K + -dependent pH i recovery was observed under Na + -free extracellular conditions. Nonetheless within 1 h, 20 µM SCH-28080 inhibited GSIS by ~50%, while basal release was unaffected. The L-type ICa v blocker nifedipine caused a full inhibition of GSIS at 10 and 20 µM. At 20 µM, SCH-28080 inhibited ICa v comparable to 20 µM nifedipine and in addition augmented IK ATP recorded at -60 mV and hyperpolarized V mem by ~15 mV. Cell viability 2 and 24 h post treatment with SCH-28080 was dose-dependently inhibited with IC 50 values of 22.9 µM and 15.3 µM, respectively. At 20 µM the percentages of Annexin-V+, caspase+ and propidium iodide+ cells were significantly increased after 24 and 48 h. Concurrently, the MCV was significantly decreased (apoptotic volume decrease, AVD) and the SSC signal was increased. At concentrations >40-50 µM, SCH-28080 became progressively cytotoxic causing a steep increase in necrotic cells already 2 h post treatment and a breakdown of ΔΨ m within 4 h under 50 and 100 µM while 10 and 20 µM had no effect on ΔΨ m within 24 h. Conclusion: We demonstrate expression of HKα2 in rat INS-1E cells. However, the pump is apparently non-functional under the given conditions. Nonetheless the H + /K + ATPase blocker SCH-28080 inhibits insulin secretion and induces cell death. Importantly, we show that SCH-28080 inhibits ICa v -and activates K ATP channels identifying them as novel "off-targets" of the inhibitor, causing hyperpolarization of V mem and inhibition of insulin secretion.
Introduction
Stimulus-secretion-coupling of pancreatic β-cells is the process by which insulin secretion is adjusted to the ambient concentration of nutrients such as glucose, amino acids and fatty acids. Glucose-stimulated insulin secretion (GSIS) is induced by sugar uptake via glucose transporter 2 (GLUT2), its metabolism leading to an increase in the cellular ATP/ ADP ratio and closure of ATP-sensitive K + (K ATP ) channels. The depolarization of the cell membrane potential (V mem ) causes opening of voltage-gated Ca 2+ channels, which triggers the exocytosis of the hormone [1, 2] . Besides the K ATP -dependent mechanism, insulin release can be triggered or modified by β-cell swelling per se following glucose uptake or through activation of volume-regulated anion currents (VRAC) [3] [4] [5] [6] [7] . In addition, insulin secretion is sensitive to the intracellular pH (pH i ), which is modulated -amongst others -by both glucose metabolism and cell volume changes [3, [8] [9] [10] [11] [12] [13] [14] [15] . Therefore, accurate regulation of pH i and cell volume are mandatory for proper β-cell function and Na + /H + exchangers (NHEs) play a major role here [3, 15] . Given the sensitivity of insulin secretion to intracellular ion homeostasis, pH i and cell volume, it is important to identify additional ion transport mechanisms involved in these processes such as H + /K + ATPases, which might also affect hormone release. Previously, we have identified a role for H + /K + ATPases in cell migration and apoptosis -processes which are also dependent on pH i and cell volume regulation [16, 17] . H + /K + ATPases comprise the gastric and non-gastric isoforms. The latter is also denoted as the renal and colonic H + /K + ATPase and is encoded by gene ATP12A (ATP1AL1; human isoform)/ Atp12a (Atp1al1; animal isoform) which is widely expressed in various mouse, rat, rabbit and human tissues [18] [19] [20] [21] [22] [23] [24] [25] . We have described ATP12A expression in human prostate tissue and human myelomonocytic HL-60 cells. In prostate tissue we demonstrated deranged protein sorting in benign hyperplasia and protein upregulation in prostate cancer [26] . In HL-60 cells ATP12A seems to exert an anti-apoptotic function by counteracting apoptotic cation gradient reversal during apoptotic volume decrease [17] .
Deranged insulin secretion and apoptosis in β-cells are crucial events in the development of both type-1 and type-2 diabetes mellitus [27] [28] [29] 
Materials and Methods

Salts, chemicals and drugs
All salts and chemicals were p.a. grade. SCH-28080 (2-methyl-8-(phenylmethoxy)imidazopyridine-3-acetonitrile), CCCP (carbonyl cyanide 3-chlorophenylhydrazone), nifedipine and nigericin were purchased from Sigma-Aldrich. Stock solutions of SCH-28080 and CCCP (40 and 50 mM, respectively) and nifedipine (100 mM) were prepared in dimethyl sulfoxide (DMSO). Resazurin (7-hydroxy-3H-phenoxazin-3-on-10-oxid; Alfa Aesar) was dissolved in phosphate buffered saline (PBS) to give a 2.5 mM stock solution. Nigericin was dissolved in ethanol to a 5 mg/ml stock solution. Stocks were stored in aliquots at -20°C until use.
Cell culture
Rat INS-1E cells [30] were cultured in RPMI 1640 medium containing 24 mM sodium bicarbonate, 2 mM L-glutamine and 10 mM HEPES (Biochrom), supplemented with 1 mM sodium pyruvate, 50 µM 2-mercaptoethanol, 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 µg/mL streptomycin and 250 ng/mL amphotericin B at humidified 37°C and 5% CO 2 (standard conditions). Subcultures were established by trypsin/EDTA treatment once a week. Cells within passages 62 and 148 were used for the experiments. Cells for insulin secretion measurements were grown in RPMI 1640 medium containing 80 µM 2-mercaptoethanol and 5% FBS.
Reverse transcription PCR
Total RNA from INS-1E cells was isolated using the spin-column based SurePrep™ TrueTotal™ RNA purification kit (Fisher BioReagents) according to the manufacturer's recommendations. RNA from rat colon and stomach was isolated using RNAbee reagent (ams biotechnology). RNA content and purity of the samples was determined photometrically. For cDNA synthesis, 1 µg of RNA was reverse-transcribed with RevertAid Premium Reverse Transcriptase (RT), RiboLock RNase inhibitor and oligo(dT)18 primers (Thermo Scientific). Expression of gastric H + /K + ATPase α-subunit mRNA (HKα1; Atp4a; accession number NM_012509.1) was tested by end-point PCR (forward primer: 5'-GACCAGTGCCACCAAGGGCCTG-3', binding position 198-219; reverse primer: 5'-GCTGCCGGGCGAACTTCACG-3', binding position 297-316; amplicon size 119 base pairs) on a Labcycler (SensoQuest). Real-time quantitative PCR (qPCR) was performed on a Rotorgene Q 6000 thermal cycler (QIAGEN) using predesigned 5' nuclease (TaqMan®) gene expression assays (Applied Biosystems). Two different exon boundary-spanning assays were used for rat nongastric H + /K + ATPase α-subunit Atp12a (HKα2; accession number NM_133517.1), assay A targeting the N-terminus (Rn00591698_m1; probe sequence 5'-CATCATCCAGGGTCTCTCCAGCGTC-3'; position 487-511; amplicon length 130 bp) and assay B targeting the C-terminus (Rn01481934_m1; probe sequence 5'-ACAGACATTATCCCCTCCATTGCCT-3'; position 2750-2774; amplicon length 142 bp). Rat glyceraldehyde 3-phosphate dehydrogenase (Gapdh; accession number NM_017008.3) was chosen as reference gene and probed with an endogenous control primer-probe set (Applied Biosystems). Non-template controls (NTCs) were included in every run. To test for genomic DNA contamination, no-reverse-transcriptase (-RT) samples were prepared. PCR reactions were separated on 2% agarose gels and visualized by Midori Green (NIPPON Genetics) staining on a UV transilluminator (Alpha Innotech Corporation). Data are presented as differences of threshold cycles (ΔCt) between Atp12a and Gapdh (Ct Atp12a -Ct Gapdh ). To test for the specificity of the Atp12a qPCR product, the amplicon of assay B was gel extracted using the GeneJET™ Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry extraction kit (Thermo Scientific) and used as a reverse "megaprimer" in conjunction with a forward primer (5'-GGCTGTCAGAGGCAGGACGC-3'; binding position 2750-2774). The reaction yielded a ~400 base pair fragment, which was gel extracted and RasI-digested. The cleavage products had the expected sizes of ~220 and ~180 base pairs.
Western blot
For immunoblotting, INS-1E cells were grown in 6-well plates under standard culture conditions to ~80% confluency. For cell lysis, cells were incubated for 5 min on ice in a buffer containing 150 mM NaCl, 50 mM TRIS-HCl, 1 mM EGTA, 1% (v/v) Triton X-100, 0.1% (w/v) SDS, 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), pepstatin A, E-64, bestatin, leupeptin and aprotinin, then scraped off and sonicated briefly (five 1-s pulses) using a Sonopuls HD 70 (Bandelin). Rat colon tissue was homogenized with a Kontes Pellet Pestle motor tissue grinder for 5 min and then mixed with lysis buffer. Both crude INS-1E cell lysates and colon samples were centrifuged for 10 min (14,000×g) at 4°C. The protein concentration in the supernatants was determined using a bicinchoninic acid (BCA) assay (Pierce, Thermo Scientific). Samples were mixed 1:1 with a Laemmli sample buffer containing 125 mM TRIS-HCl, 4% (w/v) SDS, 20% (v/v) glycerol, 0.004% (w/v) bromphenol blue and 0.7% (v/v) β-mercaptoethanol and proteins (10 µg/sample) were separated by SDS-PAGE on 7% gels using a Mini-PROTEAN® 3 electrophoresis cell (Bio-Rad). Proteins were blotted onto 0.2-µm nitrocellulose membranes in a Trans-Blot® electrophoretic transfer cell (BioRad). For immunodetection, a primary polyclonal rabbit-anti-ATP1AL1 (N-12) IgG antibody raised against human ATP1AL1 (Santa Cruz Biotechnology) and a polyclonal rabbit-anti-β-actin antibody (Cell Signaling Technology) was used at a dilution of 1:200 and 1:1,000, respectively. The secondary antibody was an IRDye® 800CW infrared dye-conjugated polyclonal goat-anti rabbit IgG (LI-COR) at a dilution of 1:10,000. Secondary antibody controls were performed to show that the label is specific to the primary antibody. Fluorescence was detected on a LI-COR Odyssey® infrared imaging system.
Measurement of intracellular pH (pH i )
Measurements of pH i were performed using the cell permeable pH-sensitive dye BCECF-AM (2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein-acetoxymethylester; Calbiochem). Cells grown on poly-D-lysine coated 3-cm glass bottom imaging dishes (MatTek Corporation) were loaded with 10 µM BCECF-AM at 37° C for 30 min in the dark in a solution containing (in mM) 135 NaCl, 5.6 KCl, 2.5 CaCl 2 , 1.5 MgCl 2 , 10 HEPES FA, 5 D-glucose (pH 7.4 adjusted with NaOH), denoted as 135 Na + /5.6 K + (control) solution. After two washing steps the dishes were mounted on an inverted microscope (iMIC) controlled by the Life Acquisition (LA) software (FEI/TILL Photonics). The fluorescence filter set of the iMIC consisted of a 460/80 nm bandpass excitation filter, a 506-nm dichroic mirror and a 535/22 nm emission filter (AHF Analysentechnik). A Polychrome V monochromator served as light source and an IMAGO QE cooled 12-bit CCD camera was used as image capturing device (FEI/TILL Photonics). BCECF was alternately excited every 10 s at 440 nm and 490 nm through a 40× objective. The fluorescence emission at 535 nm was recorded from regions of interest and the raw intensity data were background corrected. Experiments were performed at room temperature. A gravity-driven perfusion system (ALA Scientific Instruments) with a flow-rate of 3-5 ml/min was used for extracellular solution exchange. NH 4 Cl prepulsing experiments were performed to test for the cells' ability to recover from an acute acid load as described earlier [17] . Briefly, after achieving stable baseline signals under 135 Na + /5.6 K + control conditions, cells were exposed for ~5 min to a solution containing 20 mM NH 4 Cl. Thereafter, a rapid intracellular acidification was achieved by removal of NH 4 Cl in the absence of Na + and K + (0 Na + /0 K + solution; NaCl and KCl replaced by 140 mM choline-Cl). The pH i time-course was subsequently monitored for ~15 min under Na + -free conditions in the presence of K + (0 Na + /5.6 K + solution; NaCl replaced by 135 mM choline-Cl) and for additional ~15 min upon re-addition of Na + (135 Na + /5.6 K + control solution). Every experiment was followed by an in situ pH calibration with high (140 mM) K + / nigericin (10 µg/ml) solutions adjusted to pH 7.4 or 6.0 and 490/440 nm excitation ratios detected at 535 nm were transformed into absolute pH values. Electrophysiology INS-1E cells were seeded on poly-D-lysine-coated glass coverslips, cultured under standard conditions and used for patch clamp experiments after 24-48 h at 60-80% confluency. The coverslips were transferred to a recording chamber and mounted on a TE2000-U inverted microscope (Nikon). Data were acquired and analyzed using an EPC-10 amplifier and Pulse/FitMaster software (HEKA). Cell membrane potentials and whole-cell currents were recorded in the "perforated" patch clamp mode using a pipette solution containing (in mM) 120 potassium D-gluconate, 5 NaCl, 10 KCl, 2 CaCl 2 , 4 MgCl 2 , 5 HEPES FA, 10 EGTA, 5 raffinose, 120 µg/ml amphotericin B (pH 7.2 adjusted with KOH, 300 mOsm/kg) and a bath solution containing (in mM) 140 NaCl, 5.6 KCl, 2.5 CaCl 2 , 1.5 MgCl 2 , 10 HEPES FA, 4.5 D-glucose, 5 mannitol (pH 7.4 adjusted with NaOH, 300 mOsm/kg). For current recordings 500-ms pulses to -60 mV from a holding potential (V hold ) of -80 mV were delivered at 10-s intervals. Ca 2+ currents were recorded in the "ruptured" patch clamp mode using Ba 2+ as charge carrier. The pipette solution contained (in mM): 100 CsCl, 5 MgCl 2 , 2 ATP (Mg 2+ salt), 10 HEPES FA, 11 EGTA, 65 raffinose (pH 7.2 adjusted with CsOH, 310 mOsm/kg). The extracellular solution consisted of (in mM): 80 tetraethylammonium (TEA)-Cl, 10 BaCl 2 , 10 HEPES FA, 5 D-glucose, 120 mannitol (pH 7.2 adjusted with TEA-OH, 303 mOsm/kg). Ba 2+ currents were elicited by voltage ramps from -100 to +100 mV (500 ms duration) from a V hold of -80 mV. Osmolalities were measured with a vapor pressure osmometer (Wescor). Experiments were performed at room temperature. Patch electrode resistances were 3-5 MΩ. A gravity-driven perfusion system (ALA Scientific Instruments) was used for bath solution exchange (flowrate of 3-5 ml/min). SCH-28080 and nifedipine were added to the extracellular solutions as indicated.
Glucose-stimulated insulin secretion assay and ELISA
Cell viability and cytotoxicity
For cell viability measurements, INS-1E cells were seeded in black, clear bottom, tissue culture treated 96-well microplates (Greiner Bio-One) at a density of 12,500 cells/well. After over-night incubation under standard conditions cells were either left untreated, or incubated in culture medium containing (in µM) 1.5, 3.1, 6.25, 12.5, 25, 50 and 100 SCH-28080, or 0.1% (v/v) DMSO (solvent control). For quantification of cell viability, a resazurin (alamar blue) assay was used [37] , which determines the number of viable, metabolically active cells, given that only viable cells are able to metabolize resazurin. The reduction of resazurin to resorufin is irreversible and fluorescence intensity is proportional to the number of viable cells. Resazurin signals were recorded after 1 h incubation with 0.5 mM resazurin at 2 and 24 h post treatment with SCH-28080 on a Zenyth 3100 multimode reader (Anthos Labtec Instruments GmbH). Excitation and emission wavelength were 535 and 595 nm, respectively. For background subtraction, background fluorescence was determined for each experimental treatment from blank, cell-free wells containing incubation medium with drugs only. Apoptosis was discriminated from necrotic cell death as previously described [38] 
Flow cytometry
Mitochondrial membrane potential (ΔΨ m ), phosphatidylserine (PS) exposure, caspase activity, cell membrane integrity, cell granularity (side-scatter, SSC) and mean cell volume (MCV) were measured by flow cytometry. Cells were seeded in 35-mm petri dishes or 6-well plates (400,000 or 600,000 cells/dish or well) and cultured 24-72 h to 70-80% confluency under standard conditions. Thereafter cells were incubated in culture medium containing (in µM) 10, 20, 50, or 100 SCH-28080, or 0.1% (v/v) DMSO (solvent control) for further 4, 24 or 48 h, or left untreated (untreated control). For the assessment of ΔΨ m , cells were loaded with 5 µM JC-1 (5, 5ʹ,6, 6ʹ-tetrachloro-1, 1ʹ,3, 3ʹ-tetraethylbenzimidazolylcarbocyanine iodide; MerckCalbiochem). Stock solutions (5 mM in DMSO) were freshly prepared prior to use, vigorously vortexed for 5 min and centrifuged for 5 min at 13,000 rpm. After staining for 30 min at 37°C, cell culture supernatants were aspirated and cells were harvested on ice by trypsin/EDTA. Cell suspensions were centrifuged (5 min at 300×g at 4°C), washed twice with ice-cold PBS, diluted to a density of ~1×10 6 cells/ml and measured immediately. PS exposure was determined by staining with FITC (fluorescein isothiocyanate)-conjugated Annexin-V (BioLegend). Caspase activity was quantified using the membrane permeable CaspACE™ FITC-VAD-FMK in situ marker (Promega). Cell membrane integrity was assessed by staining with 7-actinomycin D (7-AAD) or propidium iodide (PI) (BioLegend and Sigma-Aldrich, respectively). Co-stainings of FITCAnnexin-V with 7-AAD and CaspACE™ FITC-VAD-FMK marker with PI were analyzed. Prior to staining, cell culture supernatants were collected and cells were harvested by Accutase® (Sigma-Aldrich) treatment. Cells were centrifuged for 5 min at 300×g, washed twice in PBS and diluted to a density of ~1×10 6 cells/ ml in PBS or Annexin binding buffer. Stainings were performed according to the manufacturers' protocols. Measurements were performed on a Cell Lab Quanta™ SC flow cytometer (Beckman Coulter). Debris (particles with a diameter <7 µm) and cell aggregates (diameter >20 µm) were excluded from analysis and 20,000-50,000 single cells were analyzed per sample. Dyes were excited with a 488-nm argon laser and emissions were measured at 525 nm (FL1), 575 nm (FL2), or 670 nm (FL3). Emission of JC-1 in its monomeric-and J-aggregate form was detected separately at 525 nm (FL1) and 575 nm (FL2), respectively, as described by Salvioli et al [39] . The mitochondrial uncoupler CCCP (applied at 50 µM over the 30-min staining period) was used as positive control for ΔΨ m depolarization and for adjusting FL1 and FL2 PMTvoltages. Data are given as FL2/FL1 ratios. Fluorescence emissions of FITC-Annexin-V/ CaspACE™ FITC-VAD-FMK marker and 7-AAD/PI were detected at 525 nm (FL1) and 670 nm (FL3), respectively. MCV, given in femtoliters (fl), was directly measured employing the Coulter principle for volume assessment. The electronic volume (EV) channel was calibrated using 10-µm Flow-Check fluorospheres (Beckman-Coulter).
Statistics and data presentation
Data are expressed as mean±SEM of at least three independent biological replicates (n>3). In all experimental series, solvent control samples were included. 
Results
Expression of the non-gastric H + /K + ATPase α-subunit mRNA in rat INS-1E cells While INS-1E cells do not express the gastric H +
/K
+ ATPase α-subunit isoform (HKα1 encoded by gene Atp4a; rat stomach tissue was used as positive control; Fig. 1A ), we could detect the non-gastric isoform Atp12a (HKα2; Fig. 1B ), although at low abundance compared to rat distal colon where Atp12a is functionally expressed [19] (DCt: 5.9±0.3 vs. 21.5±0.2, respectively; Fig. 1C ). The two gene expression assays used (assay A and B targeting the Nand C-terminus of Atp12a, respectively) gave identical results. Despite low mRNA expression levels, Atp12a protein was detectable (Fig. 1D) . While no pH i recovery occurred over 15 min after re-addition of 5.6 mM K + in the continued absence of Na + (cells even further acidified by ~0.1 pH units), re-application of Na + was followed by a significant increase in pH i . 
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
Inhibition of insulin secretion by SCH-28080 and nifedipine
To study if the H + /K + ATPase inhibitor SCH-28080 affects INS-1E cell function, we measured basal and glucose-stimulated insulin secretion (GSIS) by ELISA. As shown in Fig. 3A , cells responded to 20 mM glucose with a ~3.3-fold increase in insulin secretion to 3.5±0.5 µg/l per 10 5 cells. 20 µM SCH-28080 diminished GSIS by ~50% to 1.9±0.3 µg/l per 10 5 cells (n=9), whereas basal release was not significantly affected. In comparison, the L-type Ca 2+ channel blocker nifedipine at 10 and 20 µM completely inhibited GSIS (Fig. 3B) .
Effects of SCH-28080 on electrophysiological properties of INS-1E cells
In view of inhibited GSIS by SCH-28080 we tested for short-term effects of the drug on the cell membrane potential (V mem ). As shown in [42, 43] . While T-type currents ran down upon repeated activation, L-type currents persisted with peak amplitudes at -13.3 mV (n=14), as shown in Fig. 5A . SCH-28080 (20 µM) reversibly inhibited ICa v by ~22% from -812.4±124.4 pA to -630.6±103.5 pA (n=5; Fig. 5B ). By comparison, the L-type channel blocker nifedipine reduced ICa v by ~12% at 10 µM from -929.3±165.1 pA to -822.3±151.7 pA, (n=4; Fig. 5C ) and ~18% at 20 µM from -817.9±116.5 pA to -673.6±111.6 pA, (n=5; Fig.  5D ). 
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
Effect of SCH-28080 on cell viability, mitochondrial membrane potential, phosphatidylserine exposure, cell granularity and mean cell volume
Since SCH-28080 has distinct effects on different levels of stimulus-secretion coupling and inhibits GSIS, we investigated its effects on INS-1E viability, cytotoxicity and apoptosis. Fig. 6A depicts the results from resazurin-based viability analysis obtained at 2 and 24 h post treatment. SCH-28080 caused a dose-dependent reduction in cell viability with IC 50 values of 22.9 µM and 15.3 µM after 2 and 24 h, respectively (n=7) and cell viability was below 10% at 100 µM already after 2 h. Differential curve analysis [38] yielded Δ (2-24 h) values ≤0 up to 12.5 µM consistent with cell proliferation/survival in this concentration range. At 20-30 µM, the curve shows a positive peak indicating the range of concentrations where SCH-28080 exerted a pro-apoptotic effect. At higher doses, Δ (2-24 h) values decreased back to ~0% at concentrations where cells lost their metabolic activity/viability early after application of the drug and necrosis became the prevailing form of cell death. In line with this, cytotoxicity (necrosis via loss of membrane integrity) measured 2 h post treatment steeply increased at concentrations >40-50 µM (n=4; Fig. 6B ).
Next, we analyzed apoptotic cell death-related parameters including the mitochondrial membrane potential (ΔΨ m ), phosphatidylserine (PS) exposure at the outer leaflet of the cell membrane (Annexin-V binding), key caspase activity, cell membrane integrity (7-AAD and PI exclusion), cell granularity (side-scatter, SSC) and mean cell volume (MCV). The results are shown in Fig. 7 . After only 4 h of treatment with 50 or 100 µM SCH-28080 we observed a significant reduction of the JC-1 red/green fluorescence ratio, indicating a dissipation of ΔΨ m , whereas 10 and 20 µM did not significantly affect the ratio even after 24 h (Fig. 7A) . (Fig. 7C, middle panel) . Similarly, cell granularity (SCC) was increased by 20 µM SCH-28080 after 48 h in caspase+/ PI-cells and after 24 and 48 h in caspase+/PI+ cells (Fig. 7C, left panel) .
Discussion
In this study we show by RT-PCR and Western blotting that Atp12a, the rat isoform of the non-gastric H + /K + ATPase α-subunit (HKα2) is expressed in rat INS-1E insulinoma cells. The basal transcription of Atp12a, however, is low, as indicated by the shallow abundance of Atp12a mRNA/cDNA compared to rat distal colon tissue.
In spite of protein expression, we could not measure K , re-addition of Na + is followed by rapid pH i recovery, indicating that Na
+ exchangers (NHEs) are mainly involved in cytosolic pH regulation. This is in line with previous findings in HIT-T15 hamster insulinoma cells and mouse islets [9, 15] . Accordingly, in INS-1E cells we found transcripts of the Na + /H + exchanger isoforms NHE1, NHE2 and NHE7 (not shown).
To test for a possible involvement of the H + /K + ATPase on INS-1E cell function and viability despite its apparently lacking contribution to cellular acid extrusion, we tested for the effects of the inhibitor SCH-28080. For insulin release measurements, we chose a concentration of 20 µM. In this context it is important to mention that SCH-28080 does not as potently inhibit the rat isoform of the non-gastric H + /K + ATPase as the human enzyme; at 20 µM it only inhibits approximately 20% of the ATPase activity when expressed in Sf9 cell membranes [34, 35] . Nonetheless, at this concentration we observed morphological alterations and reduced cell proliferation and found a strong (∼50%) inhibition of GSIS within 1 h. The fact that SCH-28080 inhibits GSIS and cell viability by approximately 50% at a concentration which exerts only a shallow inhibition of H + /K + ATPase activity suggests that the drug might affect other cellular targets relevant for GSIS and cell survival. Such "off target" effects of SCH-28080 have been described also in other systems: in mouse inner medullary collecting duct cells (mIMCD-3), SCH-28080 has been shown to deplete intracellular ATP at 200 µM within 30 min causing a deactivation of the Na + /K + ATPase as shown by an almost complete inhibition of 86 
Rb
+ uptake [48] . In renal cortical, medullary and liver endosomes, the drug inhibits vacuolar (V-type) H + ATPases at 100 µM but not at 10 µM [32] and in hog gastric vesicles it inhibits phospholipid flippase activity with an IC 50 value of 0.13 µM [49, 50] . In the sub-µM range, SCH-28080 also inhibits neuronal and cardiac G protein-activated inwardly rectifying K + (GIRK) channels [51] . In mouse pancreatic β-cells, GIRK channels have been shown to mediate adrenalin-induced hyperpolarization and these channels are expressed in INS-1E cells [52] . Importantly, we show that SCH-28080 may act as an activator of ATP-dependent K + channels thereby causing a hyperpolarization of V mem . At 20 µM, SCH-28080 massively augmented the conductance recorded at -60 mV, most likely IK ATP , which predominantly determines the whole-cell conductance in this range of potentials [41] near to the resting membrane potential of these cells. In how far eventual GIRK channel inhibition influences the overall effect in this setting remains to be clarified. It also needs Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry to be evaluated if SCH-28080 could be useful as a channel activator in ion channel research. Besides K ATP channels we could identify voltage-gated Ca 2+ channels as novel targets of SCH-28080. At 20 µM ICa v was inhibited by ~20% comparable to 20 µM of the L-type channel inhibitor nifedipine. This might in part explain the inhibitory effect of the drug on GSIS, although the dominant effect of SCH-28080 is probably the hyperpolarization of V mem via K + current activation. Interestingly, although nifedipine and SCH-28080 inhibited ICa v to approximately the same extent, this resulted in a complete inhibition of GSIS by nifedipine, but only ~50% inhibition by SCH-28080 despite the massive additional activation of IK ATP by the latter. Therefore, it can be assumed that either nifedipine acts on (an) additional ICa vindependent mechanism(s) inhibiting insulin secretion, or insulin secretion is triggered by glucose via (a) mechanism(s) bypassing classical stimulus-secretion-coupling; e.g., by cell swelling [4] [5] [6] [7] . The effects of SCH-28080 on IK ATP , V mem and ICa v were reversible, which argues against cytotoxicity and metabolic derangement to underlie the short-term effects of the drug on the electrophysiological behavior (e.g., ICa v rundown). Current recordings were usually completed within 20 min and even in case of V mem recordings which exceeded 30 min, the hyperpolarizing effect of the drug was fully reversible and cells were still capable of firing regular action potentials.
We further show here that SCH-28080 causes a dose-dependent reduction in cell viability with pro-apoptotic doses in the range of the IC 50 of the drug (20-30 µM) -inferred from the difference curve calculated from early (2 h) and late (24 h) viability readouts [38] . This could be confirmed by increased phosphatidylserine (PS) exposure, caspase activation, loss of cell membrane integrity, an increase in cell granularity and apoptotic cell volume decrease in cells treated with 20 µM SCH-28080 after 24 and 48 h. Compared to the increase in caspase+ cells, the increase in PS (Annexin-V)+ cells appears small but might perhaps have been dampened by inhibition of flippases [49, 50] . Regarding the mode of action, disruption of autocrine/paracrine action of insulin [53, 54] as prime course for the proapoptotic effect seems unlikely since the basal insulin release is not significantly affected at that drug concentration. At doses >40-50 µM, necrosis predominated, with cells losing their metabolic activity/viability already 2 h post treatment and concentration-dependent loss of membrane integrity. This was associated with a dissipation of the mitochondrial membrane potential. In this concentration range we have described similar cytotoxic effects on INS-1E and INS-1 cells for the phytostilbene resveratrol and the flavonoids rutin and quercetin [43, 55] . We also tested SCH-28080 on RIN-5F rat pancreatic islet cells and NIH-3T3 fibroblasts: in RIN-5F cells, the dose-response curve was shifted towards higher concentrations with significantly reduced viability ≥50 µM, whereas in NIH-3T3 fibroblasts the drug had no effect on cell viability within 24 h (data not shown). The viability of myelomonocytic HL-60 cells was also not affected by the drug up to a concentration of 100 µM [17] . Whether SCH-28080 acts specifically on β-cells, however, needs continuative studies on further insulinoma cell lines and primary β-cells.
SCH-28080 is frequently used to functionally characterize H + /K + ATPases in cell types and tissues. In the light of our current data as well as previous findings by others, such studies need to be cautiously interpreted considering off-target drug effects on e.g., ion channels or transporters other than H + /K + ATPases and on cell viability. Therefore, these findings stress the importance of using low concentrations of SCH-28080 in studies on H + /K + ATPases in non-gastric tissues to avoid misinterpretation of the data due to unspecific effects.
In conclusion, we demonstrate that in rat INS-1E cells the H 
